FliI is a Salmonella typhimurium protein that is needed for flagellar assembly and may be involved in a specialized protein export pathway that proceeds without signal peptide cleavage. FliT shows extensive sequence similarity to the catalytic 13 subunit of the FoF1 ATPase (A. P. Vogler, M. Homma, V. M. Irikura, and R. M. Macnab, J. Bacteriol. 173:3564-3572, 1991). It is even more similar to the Spa47 protein of Shigella flexneri (M. M. Venkatesan, J. M. Buysse, and E. V. Oaks, J. Bacteriol. 174:1990-2001) and the HrpB6 protein of Xanthomonas campestris (S. Fenselau, I. Balbo, and U. Bonas, Mol. Plant-Microbe Interact. 5:390-396, 1992), which are believed to play a role in the export of virulence proteins. Site-directed mutagenesis of residues in FliI that correspond to catalytically important residues in the F1 ,3 subunit resulted in loss of flagellation, supporting the hypothesis that Fliu is an ATPase. FliT was overproduced and purified almost to homogeneity. It demonstrated ATP binding but not hydrolysis. An antibody raised against FliI permitted detection of the protein in wild-type cells and an estimate of about 1,500 subunits per cell. An antibody directed against the F1 P subunit ofEscherichia coli cross-reacted with Flil, confirming that the proteins are structurally related. The relationship between three proteins involved in flagellar assembly (FliI, FlhA, and FliP) and homologs in a variety of virulence systems is discussed.
(FlgH and FlgI, from which the outer pair of basal-body rings are constructed) appear to be exported by the conventional signal peptide-dependent pathway (22, 26) . The rest do not undergo cleavage of a signal peptide and are presumed to be exported by a unique flagellum-specific pathway (36) . The major protein in this class, flagellin, is known to assemble at the distal end of the growing filament (10, 25) , and it is presumed that the proteins constituting the other substructures such as the rod and hook are also assembled by distal addition, since they are related to flagellin (20, 23) and the order of assembly of these substructures is from cell proximal to cell distal (first rod, then hook, and finally filament) (27, 31, 48, 49) . The physical path for travel of subunits to their destination is almost certainly through the hollow channel that exists in the structure (38, 42) . However, there must also be an apparatus, presumably somewhere in the vicinity of the flagellar base, that transports the proteins across the plane of the cell membrane (although not through the bulk membrane itself) into this channel. This export apparatus must be selective in the proteins it recognizes, but a flagellum-specific signal sequence has not yet been identified (20, 23) .
Studies with temperature-sensitive mutants revealed several classes that could not regrow sheared filaments when placed at the restrictive temperature, suggesting that the defective gene products might be involved in the export process (52) . The deduced sequence of one of these, FliI, was found to have ca. 30% identity to the catalytic 13 subunit of the bacterial FoF1 proton-translocating ATPase and to the equivalent subunits of vacuolar and archaebacterial ATPases (52) . The Bacillus subtilis homolog of S. typhimuriwn FliI is also similar to F1 1 (1) . FliI also shows slightly weaker similarity to the regulatory F1 a subunit, which is related to P.
No further similarities between the other known flagellar proteins (of which there are about 40 [36] ) and any of the other subunits of the FoF, ATPase or other ATPases or between FliT and the components of the primary protein export pathway (Sec) or other proteins responsible for ATP-driven protein or peptide transport were found (but see Discussion regarding similarities to virulence protein export systems, which were described subsequently).
Although the exact function of FliI is not known, the very existence of a flagellar protein that resembles a component of ATP-driven proton translocases is interesting from both functional and evolutionary points of view.
In this study, we have made selected mutations and examined their phenotypic consequences. We have overexpressed and purified the FliI protein and examined its properties with respect to ATP binding and hydrolysis. (33) , which has a UI, and the 5' chromosomally encoded copy of T7 RNA polymerase. Cells co47III sites, were grown overnight at 370C in 10 ml of Luria medium vector. This containing ampicillin at 200 tig ml-'. The overnight culture ite within the was used to inoculate a 1-liter volume of the same medium, copy-number and the cells were grown at 370C to an optical density at 600 nce (Takara nm of 0.7. At this point, 10 ml of 100 mM isopropyl-3-Dmid with the thiogalactopyranoside (IPTG) was added, and growth was stream of the continued for a further 6 h. The cells were harvested by 11.
centrifugation (10,000 x g, 15 min), and the pellet was HE (K188E), resuspended to a volume of 40 ml in 10 mM Tris-HCl, pH re created by 7.5, and stored at -50'C until needed. 'amHI-EcoRI Frozen cells were thawed and divided into 5-ml batches, a kit supplied placed on ice, and sonicated (Heat Systems model W14OD; napolis, Ind.) three 1-min cycles, 40 W). The sonicated samples were 'CGATT(Tpooled and centrifuged (2,000 x g, 5 min) to pellet intact (T-A)TACC cells, and the supernatant was carefully decanted and cenr)CATAATC trifuged (17,500 x g, 20 min). The pellet was resuspended in 'amHl-EcoRI 10 ml of a buffer containing 100 mM Tris-HCl (pH 7.3), 100 mM NaCl, 5 mM MgCl2, and 1 mM phenylmethylsulfonyl merase chain
fluoride. An equal volume of 6 M guanidinium-HCl was FliI CHARACTERIZATION 3133 added with constant stirring, and the sample was incubated on ice for 20 min. It was then centrifuged for 30 min at 17,500 x g, and the supernatant was dialyzed overnight (Spectrapor 2 membrane) at 40C against 1 liter of 0.5 M K-glutamate-0.1 M NaCl, with two changes; during this process, FliI came out of the solution as a flocculent precipitate. The dialysate was centrifuged for 20 min at 31,000 x g, and Flu was recovered in the pellet, resuspended in 10 ml of buffer containing 100 mM Tris-HCl (pH 7.3), 100 mM NaCl, and 5 mM MgCl2, and divided into aliquots that were stored at -50'C. Further purification was achieved by ion exchange chromatography (LCC-500 system; Pharmacia LKB Biotechnology, Piscataway, N.J.) on a Mono S (16/10) fast protein liquid chromatography (FPLC) column. The column was first equilibrated in 50 mM Tris-HCl (pH 7.5)-50 mM K-glutamate-3 mM guanidinium-HCl at a flow rate of 2 ml min-1. A 1-ml frozen sample of the partially purified FliT was thawed, and the flocculent precipitate was gently pelleted in a clinical centrifuge (150 x g, 10 min) and resuspended in the same buffer as that used to run the column. A 0.1-ml sample was loaded onto the column, and the protein concentration of the eluate was monitored spectrophotometrically at 280 nm, by using an extinction coefficient of 3.1 x 104 M-1 cm-1 on the basis of the known Trp+Tyr content of FliI (52) . The proteins were eluted in three peaks, the middle one of which was by far the largest and was found to contain Flil in >95% purity. The separation procedure was repeated several times with further crude samples in order to accumulate purified material. Fluorescence spectroscopy. Spectra were taken by using an SLM 8000 C spectrofluorimeter (Aminco, Urbana, Ill.). The fluorescence of 2'(3')-O-(2,4,6-trinitrophenyl)-ATP (TNP-ATP) (Molecular Probes, Eugene, Oreg.) was measured at 30'C in 2 ml of 10 mM Tris-HCl (pH 7.5)-20% glycerol by using a TNP-ATP concentration of 2.5 ,uM. The excitation wavelength was set at 410 nm (slit width, 2 nm), and the emission wavelength was scanned from 480 to 640 nm (slit width, 2 nm). FliT at 7 mg.ml-(140 ,M) in 3 M guanidiniumHCl was diluted to a final concentration of 0.3 pM. For quantitative estimates of fluorescence as a function of TNP-ATP concentration, a fixed emission wavelength of 550 nm was used. Fluorescence enhancement was defined as the observed fluorescence in the presence of FliI minus the fluorescence of TNP-ATP alone at the same concentration.
The intrinsic tryptophan fluorescence of FliI was measured at 30°C in the buffer described above by using a sample volume of 2 ml and a FliM concentration of 6 ,uM. The excitation wavelength was set at 295 nm (slit width, 4 nm), and the emission wavelength was scanned from 310 to 400 nm (slit width, 2 nm).
ATPase assay. ATPase activity was assayed in 0.5 ml of a reaction mixture containing 10 mM 4-(2-hydroxyethyl)-1-piperazine-ethanesulfonic acid-KOH (pH 7.8), 5 mM MgCl2, 5 mM ATP, 5 mM phosphoenolpyruvate, and 50 ,ug of pyruvate kinase ml-1. Samples of FliI (0.05, 0.1, and 0.15 mg) were incubated at 30°C for different times ranging from 5 to 45 min and assayed for release of Pi by the method of Fiske and Subbarow (13); Saccharomyces cerevisiae plasma membrane ATPase, generously provided by Carolyn Slayman (Yale University), was used as a control enzyme for the assay.
Antibodies. Overproduced FliT, partially purified by solubilization of inclusion bodies in 3 M guanidinium-HCl and reprecipitation by dialysis against 0.5 M K-glutamate plus 0.1 M NaCl, was subjected to sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) on 10% polyacrylamide gels (45 Immunoblotting. Proteins separated by SDS-PAGE were electrophoretically transferred to nitrocellulose for 5 h (50). After staining (0.5% Ponceau S 7.5% trichloroacetic acid; 10 min) and destaining with 7.5% acetic acid, for 15 min with three changes, the sheets were marked and blocked with 3% gelatin in H20 for 1 h. Anti-FliI and anti-F1-3 antisera were used at 1:1,000 and 1:5,000 dilutions, respectively, in 1% gelatin in 100 mM Tris-HCl (pH 7.5)-0.9% NaCl-0.1% (vol/vol) Tween 20. The nitrocellulose sheets were then processed by using the Vectastain ABC-AP kit (Vector Laboratories, Burlingame, Calif.).
RESULTS
Site-directed mutations in FliT. F1 i has been subjected to extensive mutational analysis (14, 46) , and so we sought to use the information obtained with it to aid us in our understanding of FliI.
Some of the F1 j3 mutations involve residues that are important for assembly of the multisubunit enzyme. We did not consider these residues further, since (i) a flagellarassembly apparatus would presumably have a very different structure than a proton translocase and (ii) no sequence similarity to the remaining FoF1 subunits among any of the other flagellar proteins has been found. Other mutations in F1 and other related ATPases, however, involve residues that are highly conserved and catalytically important. For example, mutation of either Lys-155 within the A motif or Asp-242 within the B motif of the E.
coli F1 P subunit results in greatly reduced ATP hydrolysis rates (2, 39) . A third highly conserved residue is Tyr-331, which plays a role in ATP hydrolysis but apparently is not directly involved in the bond making-breaking step of catalysis (55), since phenylalanine can be substituted for tyrosine without substantial loss of activity (whereas mutation to other amino acids, including those with polar side chains, results in an inhibited or unstable enzyme). We therefore carried out site-directed mutagenesis at the corresponding positions in FliT, namely Lys-188, Asp-272, and Tyr-363, in order to see whether they were important for flagellar assembly. The mutations we generated were K188E and K1881 (to test change to side chains of approximately the same size, but negatively charged or hydrophobic), D272N (to test change to the related polar but uncharged side chain), and Y363S (to test loss of aromatic character but retention of the polar OH group). When an E. coli fliI mutant host, YK4178, was transformed with plasmids containing these mutant alleles of fliI, no swarming on semisolid agar plates was detected (Fig. 2) ; high-intensity dark-field light microscopy (35) established that the cells were nonflagellate rather than paralyzed or nonchemotactic (data not shown). Host cells transformed with plasmid pIK2001 (containing the wild-type fliI insert) were capable of swarming (Fig. 2) Overproduction and characterization of FliT. FliI was overproduced under control of the T7 promoter by using plasmid pIK2101 (see Materials and Methods). After 6 h of growth under inducing conditions, SDS-PAGE revealed an intense band at the position expected for FliI on the basis of both previous analysis of radiolabeled material in a minicell expression system (21) and the molecular mass (49 kDa) deduced from its gene sequence (52) . When induced cells were sonicated and fractionated by medium-speed centrifugation, this protein was by far the major one in the pellet fraction and was present in a much smaller amount in the supernatant fraction (Fig. 3, lanes 7 and 8) , indicating that it had formed inclusion bodies.
That the overproduced protein was FliI was confirmed by constructing derivatives of pIK2101 with either deletions or truncations (see Materials and Methods) and verifying that the electrophoretic mobility was altered in the predicted manner (Fig. 3, lanes 1 to 6) . Verification that pIK2101 directs expression of a functional copy of fliI was obtained by transforming YK4178, a fliu mutant of E. coli, and showing that it had gained the ability to swarm on soft-agar plates; the same strain transformed with the vector pET-11a or with plasmids containing the truncation or deletion versions of flff remained nonflagellate (data not shown).
The purification procedure we used (see Materials and Methods) included the solubilization of the inclusion bodies with 3 M guanidinium-HCl and dialysis against 0.5 M K-glutamate. This treatment resulted in formation of a flocculent precipitate and substantial purification of the protein (ca. 85%). Further purification (>95%) for fluorescence studies was achieved by ion exchange chromatography at low concentrations of guanidinium-HCl.
We next attempted to find conditions under which the (16) . This was the effect we observed when FliI was added to a solution of TNP-ATP (Fig. 4) . Lysozyme, used as a control protein with no nucleotide-binding ability, caused neither enhancement nor a shift of the fluorescence. The mutant form of FliI produced by pIK2103 has an internal deletion that results in the loss of 62 residues surrounding nucleotide-binding motif A, with motif B remaining intact; it still caused significant fluorescence enhancement of TNP-ATP, but less than that observed when wild-type FliI was used (Fig. 4) .
Fluorescence enhancement by FliT measured as a function of TNP-ATP concentration indicated saturation binding (Fig. 5) . The data did not conform to a simple hyperbolic binding curve, but half-maximal enhancement occurred at around 4 IP (17) . The fluorescence of tryptophan residues is sensitive to their microenvironment and is commonly used to monitor protein conformational changes. We have used this property to detect ATP binding to wild-type FliM, which contains three tryptophan residues (Trp-8, Trp-425, and Trp-442). Figure 6 shows that the tryptophan fluorescence is significantly Another, perhaps more attractive, possibility is that Flil does interact with the flagellum, but in a dynamic fashion.
For example, there could be a reaction cycle involving (i) binding to the flagellar base of both the substrate protein that is to be exported (say, flagellin) and ATP-FliI, (ii) ATP hydrolysis accompanied by protein translocation into the axial channel, and (iii) release of the ADP-FliI.
Two observations tend to support the idea that Flil may be in a labile rather than a fixed association with the flagellum.
The first is that temperature-sensitive fliI mutants lost function (the ability to outgrow filaments) when shifted from the permissive to the restrictive temperature, indicating that the protein was not highly constrained by another structure, whereas several other classes of mutants, includingfliF (MS ring) mutants, permitted not only filament outgrowth but also normal motor function. The second is thatfliI mutations were not dominant, which is not the result one would expect if the protein was an integral part of the flagellar structure.
Chaperones are one class of molecules that act in labile association with their protein substrates and with the apparatus for exporting them (and are present in the cell in large amounts [18] ). The F1 a subunit of mitochondria appears to be a heat shock protein (34) , and it has been argued, on the basis of some limited sequence motifs, that it may act as a chaperone. These motifs are less evident in E. coli ot, less still in E. coli 13, and even less in Flil. At (40) , the InvA protein of S. typhimunum (15) , the MxiA (also known as VirH) protein of S. flexneri (44 [quoted in reference 15], 51) (GenBank accession no. M91664), whose gene is close to spa47 (51) , and the HrpC2 protein of X. campestris (12) . There is evidence in both the Y pestis Icr system and the S. fle-xneri mxi-vir-spa system that the process involves export of proteins (the Yop and Ipa proteins, respectively) by a mechanism that does not involve signal peptide cleavage.
Yet another family of proteins spanning the flagellar and virulence systems has been recognized recently (47) : the S.
flexnen Spa24 protein (51) and the X. campestris ORF2 protein reported by Hwang et al. (24) , which are closely related to each other, are also related to a flagellar protein, FliP, which exists as a strongly conserved family in B.
subtilis (5) , E. coli (37) , and S. typhimurium (28) . The sequence of FliP suggests that it is an integral membrane protein. It is needed quite early in the flagellar assembly process (27, 48, 49) , with recent work by Kubori et al. (31) indicating that (like FlhA and FliI) it participates after assembly of the cytoplasmic-membrane MS ring and before the first external structure, the rod. However, a temperature-sensitive fliP mutant (in contrast to temperature-sensitive flhA and fliI mutants) was able to regrow flagellar filaments at the restrictive temperature. This result does not necessarily preclude a role for FliP in export: the protein might simply retain its function at the restrictive temperature, provided it is incorporated at the permissive temperature.
Whatever the exact functions of the various flagellar proteins (FliI, FlhA, and FliP) and their homologs among virulence proteins (Spa47/HrpB6, the LcrD group, and Spa24/ORF2), it seems safe to conclude that they are components of a superfamily of systems that are used in a variety of ways to control and enable processes of export or assembly, or both, of proteins that lie beyond the cell membrane. Probably other components of these systems remain to be identified. For example, there are several other flagellar proteins that are of unknown function but are needed in early stages of the assembly pathway, and the genetic composition of virulence regions has not yet been fully worked out. For now, we are left with two fascinating connections: (i) that between the export-assembly systems for flagellar and virulence proteins and (ii) that between proteins that function as an ATPase responsible for translocating protons and proteins that are suspected to function as an ATPase responsible for translocating proteins.
